The Cryptosporidium ITS1, 5n8S and ITS2 rDNA regions from a number of Cryptosporidium isolates from different hosts and geographical areas were cloned and sequenced in order to investigate the extent of sequence heterogeneity between human and cattle-derived isolates from different geographical locations and also between isolates of Cryptosporidium from different hosts such as cats, pigs, mice and a koala. Calf-derived isolates from different continents were virtually identical as were human-derived isolates from the UK and Australia. Genetic differences between Cryptosporidium isolates were extensive and were in fact greater than the level of nucleotide divergence between Toxoplasma gondii and Neospora caninum rDNA sequences. Based on the sequence information derived from this study, PCR-RFLP of the ITS1 region was undertaken in order to directly amplify and genotype Cryptosporidium isolates from different hosts. This PCR-RFLP approach can now be used for molecular epidemiology studies, circumventing the need for costly sequencing and allowing a wider range of genetically different isolates to be examined.

The emergence of Cryptosporidium as an important cause of diarrhoeal illness, and its increasing role in both localized and widespread outbreaks of disease, is a public health problem of global proportions for both developed and developing countries (Fayer, Speer & Dubey, 1997) . The application of PCRbased techniques will greatly enhance diagnosis of this ubiquitous parasite. However, the diagnostic primers which are currently available are limited in the range of genotypes they can detect, and are only useful on a routine basis for discriminating between the genotypes identified in livestock and humans (' cattle ' and ' human ') (Peng et al. 1997 ; Spano et al. 1997 Spano et al. , 1998 Morgan & Thompson, 1998) . Other genotypes from animals such as cats, pigs, rodents and marsupials are genetically very different from the ' cattle ' and ' human ' genotypes (Morgan et al. 1998 a) . This has posed problems in developing ' universal ' diagnostic primers with the capability of identifying all genotypes of C. parvum. It is very important, particularly in outbreak situations, to be able to determine the sources of infection and environmental contamination. The possible genotype(s) involved must be identified and\or excluded, especially those of domestic or wild animal origin. Although this can be achieved using sequence analysis (Morgan et al. 1998 a) , this is costly and impractical for routine diagnosis and epidemiological investigations. There is therefore a need to develop a PCR-based ' typing ' approach which can be applied directly to clinical or environmental samples in order to identify the particular genotype(s) of Cryptosporidium present.
Previous research in our laboratory has identified differences between isolates of Cryptosporidium of human and cattle origin as well as between isolates from pigs, cats, mice and marsupials using sequence analysis of the conserved 18S rDNA gene (Morgan et al. 1997 (Morgan et al. a, 1998 . The aims of the present study were to investigate the extent of sequence heterogeneity between isolates of Cryptosporidium from a variety of hosts for the less conserved ITS1 and ITS2 ribosomal DNA (rDNA) regions and to determine if these differences were conserved in isolates of Cryptosporidium from different geographical regions. The rDNA repeat unit of Crypto-sporidium has recently been characterized (Le Blancq et al. 1997) . Two distinct types were identified, designated Type A and Type B (Le Blancq et al. 1997) . A second aim of the study therefore was to attempt to characterize a portion of the Type B ribosomal unit from human and animal-derived isolates of Cryptosporidium. Finally, we wished to develop a molecular epidemiological tool for genotype identification involving RFLP analysis of the ITS1 region.
  

Sources of parasite isolates, DNA purification and primer design
Sources of parasite isolates are listed in Table 1 . Isolates were derived directly from their host of origin with the exception of isolates A1, S1 and L1 which were passaged in sheep prior to this study. DNA was purified as previously described (Morgan et al. 1997 a) . Primers were designed using Amplify 2.1 (Bill Engels, University of Wisconsin), and oligonucleotides were synthesized by Gibco BRL (Gaithersburg, MD, USA).
PCR amplification, cloning and sequencing of the ITS1, 5n8S and ITS 2 Type A rDNA region from calf, human, cat, pig, mouse and koala-derived isolates
A forward primer was designed based on available rDNA 18S sequence information for Cryptosporidium and a reverse primer developed by aligning available apicomplexan 28S rDNA sequences (Van de Peer et al. 1994) . The primers, designated 18SFj (5h TGAATATGCATCGTGATGG 3h) and 28SR1 (5h CTGATATGCTTAAGTTC 3h), amplified a fragment encompassing the ITS1, 5n8S and ITS2 rDNA regions. PCR reaction mixtures consisted of 12n5 pmoles of each primer, 200 µ of each dNTP, 2 m MgCl # , 67 m Tris-HCl (pH 8n8), 16n6 m (NH % ) # SO % , and 0n1 unit Tth Plus DNA polymerase (Fisher Biotech, Western Australia). Reactions were performed on a PE 2,400 (Perkin Elmer, Foster City, California) thermal cycler. The amplification programme consisted of 1 preliminary cycle of 96 mC for 2 min, 58 mC for 1 min and 60 mC for 3 min, followed by 45 cycles of 94 mC for 30 sec, 58 mC for 30 sec and 60 mC for 2 min with a final cycle of 60 mC for 7 min. PCR products were cloned into the PCR 2000 TM T-vector (Invitrogen, USA) and transformants screened by PCR. Positive colonies were sequenced using an ABI Prism TM Dye Terminator Cycle Sequencing kit (Applied Biosystems, Foster City, California) according to the manufacturer's instructions except that the annealing temperature was raised to 60 mC. At least 3 clones of each PCR product were sequenced in both directions. Sequences were analysed using SeqEd v 1.0.3.
(Applied Biosystems) and aligned using the Clustal V (Higgins, Bleasby & Fuchs, 1991) , sequence alignment programme. Based on the sequence information generated from these clones, an additional primer, ITSR1 (5h GAATTATGCAGTTCACA-TTGC 3h), was designed at the start of the 5n8S gene to amplify the ITS1 region in combination with the 18Sj forward primer. Expected restriction fragment sizes for the ITS1 region using the endonuclease Dra I were determined using DNA Strider 1.0.
Sequence and PCR analysis of the Type B rDNA unit
The oligonucleotides Cp3 (5h CGTCTATCAGT-GGGTTTTGAA 3h) and Cp4 (5h CTTTCCCT-CACGGTACTTGTT 3h) were shown to specifically amplify a 514 bp product from the Type B rDNA unit from the ' cattle ' C. parvum genotype (Le Blancq et al. 1997) . We employed these primers in an attempt to amplify the Type B ribosomal unit from a number of Cryptosporidium isolates of distinct host origins. The cycling conditions were 96 mC for 2 min, 58 mC for 1 min and 68 mC for 2 min, followed by 50 cycles of 94 mC for 30 sec, 58 mC for 20 sec and 68 mC for 45 sec with a final cycle of 68 mC for 7 min. The amplicons obtained from a human (H1) and a calf (C13) isolate were cloned and sequenced as described above and aligned to the KSU-1 sequence (Le Blancq et al. 1997) , using the Clustal V (Higgins et al. 1991) sequence alignment programme.
Phylogenetic analysis of sequence information
A phylogenetic analysis based on the nucleotide sequences of the ITS1, 5n8S and ITS2 regions from different isolates was conducted using PHYLIP 3.5p (Felsenstein, 1989) . A similarity index among Cryptosporidium isolates was created using the formula for Kimura's Distance. Phenograms were constructed from genetic distance matrices using the Unweighted Pair-Group Method (UPGMA) and DRAWGRAM programs available in PHYLIP 3.5p (Felstenstein, 1989) . The rDNA sequences of the KSU-1 isolates of C. parvum previously reported by Le Blancq et al. (1997) (Genebank accession numbers : AF015772, AF015773, AF015774) and Zhu, Marchewska & Keithly (1998 unpublished) (Genebank accession number AF040725) were included in the analysis together with the rDNA sequences from Toxoplasma gondii and Neospora caninum (Payne & Ellis, 1996 , Genebank accession numbers L49390 and L49389 respectively).
PCR-RFLP analysis of the ITS1 rDNA region
PCR reactions for amplification of the ITS1 rDNA region using the primers 18SFj and ITSR1 (Fisher Biotech) . Reactions were performed on a PE 2,400 (Perkin Elmer, Foster City, California) thermal cycler. The reaction programme consisted of 1 preliminary cycle of 96 mC for 2 min and 61 mC for 3 min, followed by 50 cycles of 94 mC for 30 sec and 61 mC for 45 sec with a final cycle of 61 mC for 7 min. PCR products (7n5 µl) were digested unpurified in a reaction containing 15 units of Dra I (Promega, USA), 1ireaction buffer, 4 µg BSA and sterile distilled water to a final volume of 40 µl. Digestions were incubated at 37 mC from 3 h to overnight, electrophoresed on 3n5 % MetaPhor agarose (FMC2, Rockland, USA) and post-stained with ethidium bromide. 

Sequence analysis of the ITS1, 5n8S and ITS2 Type A regions from various hosts
A genomic DNA region of approximately 1600 bp encompassing the ITS1, 5n8S and ITS2 sequences of the Type A ribosomal unit was amplified with primers 18SFj and 28SR1 from 8 Cryptosporidium isolates of various host origin : C13 and sC33 (cattle), P18 and H1 (human), M24 (mouse), Ct1 (cat), Pig1 (pig) and K1 (koala). Sequence comparison revealed a very substantial degree of variation in the ITS1 and ITS2 regions between the different isolates ( Fig. 1) . However, there was minimal variation between isolates from the same host species (Fig. 1) . The extent of intra-individual variation, ascertained by sequencing numerous PCR-derived clones from the same isolate was observed to be low and was consistent with the minor differences seen between cattle isolates (C13, sC33 and KSU-1) (Fig. 1 ). There were substantial length differences particularly in the ITS1 region between the different isolates (Table 2) , with the cat isolate (Ct 1) exhibiting the shortest ITS1 region (363 bp) and the koala isolate (K1) the longest (618 bp). The ITS2 region ranged in size from 479 bp (Pig1) to 585 bp (Ct1). The percentage AT richness for the ITS1 and ITS2 ranged from 79 to 91 % ( 
Phylogenetic analysis of ITS1, 5n8S and ITS2 rDNA regions
Phylogenetic analysis produced 6 major groups (Fig.  2) . A ' human ' group consisting of the 2 human (H1, P18) isolates, a ' cattle ' group which contained all the cattle isolates (C13 ; sC33 and KSU) and a ' pig ', ' mouse ', ' cat ' and ' koala ' group. The mouse isolate (M24) was most closely related to the calf isolates whereas all the others were genetically very distinct (Fig. 2 (Carraway et al. 1997) . Comparison of ITS1 sequence information for these isolates (L1 ; GCH2) with human (H1) and cattle (C1) isolates and subsequent phylogenetic analysis grouped the 2 human isolates together and the calf and deer isolates together (data not shown). Again minor sequence differences were observed, however, compared to the overall levels of variation, these differences were minimal and add strength to the concept that the ' cattle ' and ' human ' genotype is conserved across different geographical regions. Phylogenetic analysis using both Neighbour Joining and Parsimony methods revealed similar genetic pictures (data not shown).
Sequence and PCR analysis of the Type B rDNA unit
Le Blancq et al. (1997) , reported the existence in C. parvum of 2 classes of distinct rDNA units, designated Type A and B. The same authors showed that the primers Cp3 and Cp4, encompass a region that spans 143 bp region at the 3h end of the ITS2 and the first 371 bp at the start of the 28S gene, and that the primers specifically amplified a 514 bp product from the Type B unit of KSU-1 calf isolate. Using primers Cp3\Cp4, we amplified a PCR product of the expected molecular size from a calf (C13) and a human (H1) isolate. The C13 isolate shared 100 % sequence identity with the KSU-1 Type B sequence. The H1 isolate, however, was virtually identical to the Type A sequence obtained for this isolate (data not shown). PCR screening of a range of isolates using the Cp3\Cp4 primer combination revealed that the 514 bp product could not be amplified from all isolates of Cryptosporidium even when the template concentration and the number of cycles were increased. The Cp3\Cp4 PCR product could only be amplified from some human (6\11) and cattle (9\12) isolates and from none of the cat, pig, koala or mouse-derived isolates (see Table 1 ).
PCR-RFLP analysis of the ITS1 rDNA region
RFLP analysis of the ITS1 region was conducted on a total of 37 isolates of Cryptosporidium, (see Table   1 ). PCR products amplified with primers 18SFj and ITSR1 were digested with the endonuclease Dra I and the digestion products resolved by agarose gel electrophoresis. A representative gel showing RFLP profiles of the major genetic groups is shown in Fig. 3 . RFLP analysis yielded 6 specific and reproducible fingerprint profiles for the different genetic groups ; (' human ', ' cattle ', ' pig ', ' mouse ', ' koala ' and ' cat '). The electrophoretic profiles observed were consistent with the sizes of the Dra I restriction fragments predicted using DNA Strider (see Table 3 ), with the exception of the human isolates. For human isolates, 5 restriction fragments were predicted, but in all digests only 4 bands could be seen, presumably due to the 132 bp and 126 bp bands co-migrating. Polyacrylamide gel electrophoresis could resolve these bands, however, as the human isolates were clearly distinct from all other isolates, this is not necessary.

Molecular phylogenies of closely related species are usually obtained with rapidly evolving DNA regions (Schlotterer et al. 1994) . The rDNA ITS regions have been shown to be suitable universal genomic sequences as they are present in all eukaryotes, can easily be amplified with primers in the highly conserved flanking regions and they show a high rate of divergence compared to coding regions of rDNA. Unlike T. gondii, in which each haploid genome contains approximately 110 copies of the rDNA unit (Guay et al. 1993) , Cryptosporidium has been shown to possess 4 Type A and 1 Type B rDNA units per haploid genome (Le Blancq et al. 1997) . However, despite their relatively low copy number, the rDNA units of Cryptosporidium are still a suitable target for the detection and typing of environmental samples where the numbers of oocysts recovered are usually very low since the ITS1 PCR product was readily amplified from all isolates examined. Our previous studies have identified differences between human and animal isolates of Cryptosporidium using sequence analysis of the conserved 18S rDNA gene, the acetylCoA synthase gene and PCR analysis of an unidentified genomic fragment (Morgan et al. 1997 (Morgan et al. a, 1998 Sargent et al. 1998) . In this study, the extent of sequence variation within the ITS1, 5n8S, and ITS2 regions between cattle (C13, sC33) and human isolates (P18, H1) from different geographical locations and from a pig (Pig1), cat (Ct1), koala (K1) and mouse isolate (M24), was determined by extensive sequence analysis of the Type A ribosomal unit. The present results have shown that the sequence divergence between human and various animal isolates in this region is considerable, yet cattle isolates from different geographical locations (C13, sC33) were virtually identical. A previously sequenced calf isolate (KSU-1) (Le Blancq et al. 1997 ; Zhu et al. 1998) was also included in the analysis and grouped very closely with the other calf isolates. ITS1 sequences for a deer isolate from the UK and a human isolate from the US, previously sequenced (Carraway et al. 1996) , grouped with cattle and human genotypes respectively. Similarly, human isolates from Australia and the UK were also virtually identical for this region. This supports the concept that the ' cattle ' and ' human ' genotype is conserved across different geographical regions. The degree of sequence conservation among Cryptosporidium isolates of either ' human ' or ' cattle ' genotype from disparate geographical regions further supports the concept of a clonal population structure for this parasite (Morgan et al. 1997 b) .
Analysis of the ITS1, 5n8S and ITS2 Type A regions from a pig (Pig1), cat (Ct1), koala (K1) and mouse isolate (M24) has revealed even greater genetic divergence between these isolates than between the human and cattle isolates, with the exception of M24, as phylogenetic analysis revealed this isolate to be most closely related to the ' cattle ' genotype. However, because the variation between the different genetic groups was so large, it is difficult to infer accurate phylogenies. The phylogram which depicts the differences in the ITS1, 5n8S and ITS2 regions between these isolates, is intended merely to show the extensive heterogeneity between isolates of Cryptosporidium from different hosts. Future phylogenetic analysis should concentrate on the more conserved 18S gene and also non-rDNA targets as these are likely to yield more phylogenetically meaningful data. The excessive divergence, for phylogenetic purposes observed among the ITS regions of several groups of Cryptosporidium isolates, coupled with the fact that the amount of variation between the different genetic groups was greater than that seen between T. gondii and N. caninum lends further support to the concept of numerous distinct species within C. parvum. However, it also raises questions as to the validity of Neospora as a genus distinct from Toxoplasma.
The use of primers Cp3\Cp4 (Le Blancq et al. 1997) , designed on the Type B ITS2 and 28S regions, respectively, allowed us to amplify a specific Type B PCR product from a calf isolate (C13) which was 100 % identical to the KSU-1 Type B unit. The H1 isolate, however, was virtually identical to the Type A sequence obtained for this isolate, indicating that the Cp3\Cp4 primers are diagnostic only for Type B units from ' cattle ' genotypes. Notably, the Cp3\Cp4 primers yielded no PCR amplification from some of the human and cattle isolates, and from none of the other animal-derived isolates. These results suggest that extensive differences in the Type B rDNA may exist among Cryptosporidium isolates. The possibility of some Cryptosporidium isolates lacking the Type B rDNA unit as a result of large DNA rearrangements should also be considered. The sequence heterogeneity, or even the lack, of the Type B rDNA unit, inferred from our PCR analysis deserves further investigation, as it may provide the molecular basis for future genotyping methods able to discriminate among isolates belonging to the same genetic group.
RFLP analysis of the ITS1 region, using the enzyme Dra I, identified 6 distinct genotypes : ' human ' ' cattle ', (which comprises isolates from cattle, sheep, goat and an alpaca) ' pig ', ' cat ', ' koala ' and ' mouse '. This molecular approach can now be used as a rapid and inexpensive method of genotyping Cryptosporidium isolates. RFLP analysis grouped the 9 human isolates into the ' human ' genetic group, with the exception of the human isolate H18 which had previously been shown to display the ' calf ' genotype (Morgan et al. 1997 (Morgan et al. a, 1998 . A total of 12 isolates, 7 from cattle, 2 from goats, 1 sheep isolate, 1 alpaca isolate and 1 deer isolate were all grouped into the ' cattle ' genotype by RFLP analysis. The 5 pig isolates analysed all displayed identical electrophoretic profiles. One of the pig isolates was from Switzerland, 2 were from Popanyinning near Perth, and the remaining 2 pig isolates were from an outbreak in Albany, some 402 km from Perth, confirming the widespread distribution of this genotype. All 6 cat isolates included in this study produced identical profiles as did the 2 mice isolates analysed. The koala isolate was totally distinct from all others. Occasionally, faint background bands were observed in the restriction profile of some isolates of a definite genetic group. However, these additional bands were not observed when RFLP analysis was performed on individually cloned PCR fragments, suggesting that the faint bands probably represented non-specific amplification products. The high levels of variation within the ITS1 region demonstrates the utility of this genetic locus in epidemiological studies, although more informative loci may reveal further distinguishable types.
The epidemiological significance and importance of these genotypes in relation to human infection has yet to be fully elucidated. However, the present research and that of others (Awad-El-Kariem et al. 1995 ; Carraway et al. 1997 ; Morgan et al. 1995 Morgan et al. , 1997 1998 a, b ; Peng et al. 1997 ; Spano et al. 1997 Spano et al. , 1998 Vasquez et al. 1996) provides strong evidence that humans are susceptible to infection with isolates from livestock. The susceptibility of humans to infection with isolates from cats, pigs, mice and marsupials may be doubtful and requires further comparative studies with isolates from diverse geographical locations and also with isolates from immunocompromised and immunocompetent human hosts. In addition, the data presented here and in other studies clearly indicate that C. parvum is not a uniform species and that a taxonomic revision of the genus is necessary. 
